The aim of this study was to determine whether exposure of human articular cartilage to hyperosmotic saline (0.9%, 600 mOsm) reduces in situ chondrocyte death following a standardised mechanical injury produced by a scalpel cut compared with the same assault and exposure to normal saline (0.9%, 285 mOsm). Human cartilage explants were exposed to normal (control) and hyperosmotic 0.9% saline solutions for five minutes before the mechanical injury to allow in situ chondrocytes to respond to the altered osmotic environment, and incubated for a further 2.5 hours in the same solutions following the mechanical injury.
Despite its durability, articular cartilage is vulnerable to injury from trauma and degenerative disease. [1] [2] [3] [4] The repair response in injured articular cartilage is rudimentary, as hyaline tissue is replaced by fibrocartilage, which is structurally and mechanically inferior. 3 Loading of this less resilient surface predisposes it to further degeneration of the joint, with pain and loss of function. 3, 5 There are no reliable estimates of the prevalence of defects in articular cartilage, but open and arthroscopic reconstruction of these defects is becoming increasingly common around the world. 2, 3 Reconstructive surgery of damaged articular cartilage aims to prevent joint degeneration by restoring a congruous articular surface. 2, 3 However, such surgery does not predictably prevent joint degeneration, or indeed alleviate pain and loss of function. 2, 3 A major limitation to successful articular reconstruction is the paradoxical mechanical injury to healthy cartilage from instruments and implants during the surgical procedure. 3, 6 Such 'surgical injury' results in a zone of chondrocyte death that limits successful lateral integration across the interface between host and repair tissue. 3, 4, 6, 7 We argue that reducing the zone of chondrocyte death from surgical injury would promote integrative cartilage repair, 7 and thereby improve patient outcome. 2, 3 During articular surgery, synovial fluid is drained from the joint and replaced by an irrigation solution, such as 0.9% saline, with an osmolarity ranging between 250 mOsm and 300 mOsm. However, the osmolarity of normal human synovial fluid is approximately 400 mOsm. 8 In situ chondrocytes therefore experience a marked decrease in extracellular osmolarity during the surgical procedure. These cells are osmotically sensitive and respond to changes in extracellular osmolarity with reciprocal changes in cell volume. 9 In animal models, a decrease in extracellular osmolarity increases chondrocyte death following mechanical injury, whereas an increase in extracellular osmolarity has a protective effect. [10] [11] [12] Chondrocytes swell at low extracellular osmolarity and become more susceptible to mechanical injury. 9, 12 Conversely, at high extracellular osmolarity chondrocytes shrink and are protected from mechanical injury. 9, 12 These cellular volume changes and death are most marked in the superficial zone of articular cartilage, [10] [11] [12] which must retain a smooth, low-friction lubricating surface. 1, 3 Using confocal laser scanning microscopy (CLSM), we have previously established that macro-and microscopically non-degenerative human osteochondral tissue (obtained from the femoral condyle of patients undergoing knee replacement for osteoarthritis) was appropriate material for the study of in situ chondrocyte responses to mechanical injury. 13 Using ex vivo bovine and human models, articular cartilage was cut with a scalpel to create a reproducible 'zone' of injury equivalent to that sustained at surgery. 6, 10 Animal models were used to establish a threshold value of medium osmolarity that elicited consistent chondroprotective responses in mechanically injured articular cartilage without any harmful effects on adjacent, uninjured cartilage. [10] [11] [12] The chondroprotection afforded by high osmolarity in animal models [10] [11] [12] has never been investigated in human articular cartilage and merits evaluation, as the use of highosmolarity joint irrigation solutions during reconstructive surgery may reduce chondrocyte death from surgical injury. The aim of this study was to determine whether exposure of human articular cartilage to hyperosmotic saline (0.9%, 600 mOsm) reduces in situ chondrocyte death following a full-thickness sharp mechanical injury (using a scalpel) compared with exposure to normal saline (0.9%, 285 mOsm). and prepared as 1 mM stock solutions in dimethyl sulphoxide and water, respectively. Formaldehyde solution (10% v/v in normal saline) was obtained from Fisher Scientific (Loughborough, United Kingdom). The osmolarity of solutions was measured using a freezing point osmometer (Advanced Micro Osmometer, Model 3300; Vitech Scientific Ltd, Horsham, United Kingdom). The osmolarity of the normal saline (0.9%, control) was measured as 285 mOsm. Hyperosmotic saline was prepared by adding measured amounts of sucrose to the control solution of normal saline (0.9%) so that its osmolarity was increased from 285 mOsm to 600 mOsm. Human osteochondral tissue. Ethical approval for the study was obtained. Informed patient consent for the use of human osteochondral material was obtained from 30 patients undergoing total knee replacement (TKR) for osteoarthritis, during which the distal femoral articular surface of the knee joint is normally resected as a separate, thick osteochondral slice. All such osteochondral tissue was immediately placed in serum-free Dulbecco's Modified Eagle's Medium (Invitrogen Ltd) and used within six hours of resection. Cartilage preparation. Of the 30 patients from whom osteochondral tissue was obtained, non-degenerative articular cartilage (International Cartilage Repair Society (ICRS) 13, 14 grade 0) adequate for the experiments was present on the femoral condyles of four patients with a mean age of 70 years (68 to 73), two of whom were men (Fig. 1a) . Osteochondral strips were cut from this region of pristine articular cartilage with a scalpel, and exposed to either normal (285 mOsm, control) or hyperosmotic (600 mOsm) 0.9% saline for five minutes to allow in situ chondrocytes to respond to the altered osmotic environment (Fig. 1b) . The articular cartilage on each osteochondral strip was then cut through its full thickness with a fresh no. 24 scalpel blade to produce a zone of mechanical injury at the edge of the scalpel cut. This injury zone, comprising a 'cut surface' (through the full thickness of the tissue), has been characterised in previous animal models using histology and confocal laser scanning microscopy. 10, 11 Briefly, two parallel scalpel cuts were made through the central part of the osteochondral strip to produce a rectangular osteochondral explant with 'injured' (scalpe-cut) edges (Fig. 1c) . The cutting force was applied by pushing the blade edge without rotation or sliding to create a reproducible zone of mechanically injured articular cartilage. 6, 10, 11 The scalpel cut was deepened through subchondral bone by gentle tapping of the blade using a 225 g toffee hammer. The outer sections of the osteochondral strip were discarded, as these regions were subjected to additional mechanical forces other than those associated with the scalpel injury during the harvesting and handling of the tissue. As the long scalpel-cut edges of each rectangular explant were of interest for the experiment, a strict 'no-touch' technique was employed, with explants handled only from the short edges. A fresh no. 24 scalpel was used for each cut, because of concerns about the retention of the sharpness of the blade. 15 Injured explants were incubated at 37°C, 5% CO 2 for a further 150 minutes in either normal (285 mOsm, control) or hyperosmotic (600 mOsm) solutions of 0.9% saline. Explants were exposed to the fluorescent probes, CMFDA (10 μM) and PI (10 μΜ), during the final 45 minutes of incubation to label live and dead cells respectively; CMFDA stains the cytoplasm of viable cells green 16 and PI stains the nuclei of dead cells red. 17 Finally, explants were transferred to 10% formalin (v/v in saline) for fixation and stored at 4°C in phosphate-buffered saline prior to microscopy. 16 
Materials and Methods

CLSM.
A Zeiss Axioskop LSM 510 (Carl Zeiss Ltd, Welwyn Garden City, United Kingdom) confocal laser scanning microscope fitted with a low-power (× 10 dry) objective was used to acquire 'optical sections' of fluorescently labelled in situ articular chondrocytes. A multi-track protocol involving argon and helium-neon laser excitation, bandpass filters (500 nm to 550 nm) and long-pass filters (> 560 nm) allowed separation and measurement of the fluorescence emitted from CMFDA (λex = 488 nm, λem = 517 nm) and PI (λex = 543 nm, λem = 650 nm), respectively. By moving the focal plane into the depth of the articular cartilage, a consecutive series of optical sections was acquired at intervals of 10 μm in the axial and coronal planes at the centre of the long edges of explants, to a depth of 100 μm (Fig. 1d ). Laser power, detector gain and sensitivity were adjusted to obtain optimal image quality without excessive dye bleaching or saturation. Three-dimensional reconstructions of the imaged volume of articular cartilage in the axial and coronal planes were created from the consecutive series of optical sections using imaging software (Velocity 4.0; Improvision, Coventry, United Kingdom), so that the total volume of each region of interest (ROI) for subsequent quantitative analysis was 921 (x-axis) × 500 (y-axis) × 100 (z-axis) µm 3 approximating to 0.05 mm 3 in the axial CLSM reconstructions and 921 (xaxis) × 100 (y-axis) × 500 (z-axis) µm 3 approximating to 0.05 mm 3 in the coronal CLSM reconstructions. Axial CLSM reconstructions visualised in situ chondrocytes 'top-down' from the articular surface at the scalpel-cut edge and exclusively imaged the superficial zone chondrocytes (Fig. 1d) . These axial reconstructions visualised both the 'band' of cell death as well as the adjacent uninjured region of the articular surface. Coronal CLSM reconstructions visualised in situ chondrocytes separately within the superficial, middle and deep zones at the scalpel-cut cartilage edge (Fig. 1d) . The coronal reconstructions were acquired at defined distances from the articular surface to control for the variation in cartilage thickness between explants: superficial zone reconstructions were acquired downwards from the articular surface, middle zone reconstructions were acquired following an interval of 200 μm, and deep zone reconstructions were acquired at a distance of 100 μm from the osteochondral junction. Quantification of in situ chondrocyte death. Percentage cell death (100 × number of dead cells/number of dead and live cells) was calculated within the CLSM reconstructions using Velocity 4.0 imaging software and a validated, reproducible automated cell counting technique in three dimensions based on voxel intensity thresholding. 10, 11, 18, 19 Briefly, 'objects' (individual cells) in the green (live cells) and red (dead cells) channels within each ROI were identified by percentage voxel (volumetric pixel) intensity. Percentage thresholds of voxel intensity were set using a histogram of measured values for all objects identified within each channel. The upper limit was always 100%, with minor adjustments to the lower limit (minimum 5%) to account for variations in cell loading with dye, detector sensitivity and noise between images. This protocol returned a list of measured objects in the green and red channels. When ordered by volume, objects in the green channel < 1000 μm 3 and in the red channel < 200 μm 3 were attributed to background noise and excluded from the cell counts before the software generated automated live and dead cell counts. Quantification of in situ cell density. Cell density (total number of chondrocytes/mm 3 cartilage) was calculated by dividing the total number of cells (dead and alive) in the CLSM reconstructions by the total volume of imaged tissue. Cell density within the full thickness of articular cartilage was calculated as the mean cell density within coronal CLSM reconstructions of the superficial, middle and deep zones. Cell density in the superficial zone was calculated from the axial CLSM reconstructions and represented the uppermost 100 μm of articular cartilage. Statistical analysis. All statistical analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, Illinois). For the experimental methodology, 'n' refers to the number of different patients. Paired and unpaired Student's t-tests were used to compare 'n' observations between groups. All data are presented as means with standard error (SE) for 'n' observations, with the level of significance set at p < 0.05.
Results
Spatial distribution of cell death. Axial CLSM reconstructions visualised a 'band' of cell death at the scalpel-cut edge, with sparing of the articular chondrocytes within the adjacent uninjured region of the articular surface (Fig. 2) .
The coronal CLSM reconstructions at the cut cartilage edge demonstrated the typical zonal heterogeneity of adult human cartilage, 20 with cells in the superficial zone orientated tangentially to the articular surface, cells in the middle zone arranged more obliquely, and cells in the deep zone orientated radially to the articular surface (Fig. 3) . Percentage cell death. Axial CLSM reconstructions showed a significant decrease in percentage cell death at the injured cartilage edge (representing superficial zone chondrocytes at the articular surface) for explants exposed to hyperosmotic saline (0.9%, 600 mOsm) compared with the control solution of normal saline (0.9%, 285 mOsm) (n = 4, p = 0.01, paired t-test, Fig. 2 ). Coronal CLSM reconstructions showed a significant decrease in percentage cell death in the superficial zone of injured cartilage for explants exposed to hyperosmotic saline (0.9%, 600 mOsm) compared with the control solution of normal saline (0.9%, 285 mOsm) (n = 4, p = 0.04, paired t-test, Fig. 3 ). The differences in percentage cell death in the middle and deep zones were not significantly different for explants exposed to the two different solutions (n = 4, p = 0.5, paired t-tests for middle and deep zones, Fig. 3 ). Cell density. There was no significant difference in cell density between explants exposed to the 285 mOsm or the 600 mOsm 0.9% saline solutions (n = 4, p = 0.9 for cell density within the full thickness of cartilage, p = 0.7 for cell density within the superficial zone, unpaired t-tests, Table  I ). Superficial zone cell density was significantly greater than the cell density within the full thickness of articular cartilage for explants in each experimental group (p = 0.01 for normal saline, p < 0.001 for hyperosmotic saline, unpaired t-tests). The values obtained for cell density were comparable to those reported for normal human cartilage 20 and lend additional support to the reliability, accuracy and precision of the quantitative methodology in this study.
Discussion
Our findings show that in situ chondrocyte death following a mechanical injury produced by a scalpel blade is significantly decreased (by approximately sixfold) in the superficial zone of human articular cartilage exposed to hyperosmotic saline (0.9%, 600 mOsm) compared with exposure to normal saline (0.9%, 285 mOsm). The duration of exposure of the explants to a medium with altered osmolarity immediately before and after scalpel injury (five minutes and 2.5 hours, respectively) is analogous to the amount of time that cartilage may be exposed to irrigating solutions during open and arthroscopic surgery. In similar animal models we have previously established that there is no increase in cell death from 2.5 hours to seven days, 10 suggesting that the early (within hours) effects of a medium with high osmolarity reliably predict the eventual extent of cell death in mechanically injured cartilage. This investigation extends findings from animal models [10] [11] [12] to human articular cartilage, and provides evidence for increasing the osmolarity of joint irrigation solutions used during open and arthroscopic articular surgery to promote chondrocyte survival following surgical injury.
We hypothesise that the chondroprotective mechanism of high osmolarity against mechanical insult may involve a decrease in chondrocyte volume due to water efflux from cells. This protection is most significant for superficial zone chondrocytes (Figs 2 and 3) . The superficial zone has the highest permeability and water content, and chondrocytes that are more osmotically sensitive (swelling or shrinking more for a given change in osmolarity) than cells located deeper in the cartilage. 9 If cell volume is an important determinant of the live/dead chondrocyte response to mechanical injury, 12 it follows that the effects of medium osmolarity may be most marked in the superficial zone. Disaccharides such as sucrose may be ideal for increasing the osmolarity of joint irrigation solutions, as they are not toxic to soft tissues and maintain an extracellular osmotic pressure gradient without being metabolised by articular chondrocytes. 21, 22 The majority of research concerning the responses of articular chondrocytes to mechanical injury is based on animal models with non-degenerative articular cartilage. The findings from these animal models need to be corroborated for human articular cartilage to facilitate extrapolation to the clinical setting. However, the supply of non-degenerative human articular cartilage for such experimental work is very limited. Although osteochondral tissue discarded at TKR is readily available, the amount of microscopically and macroscopically nondegenerative human articular cartilage (ICRS grade 0) harvested from the resected specimens is small. We were able to identify such areas of non-degenerative cartilage in only four of 30 patients from whom the resected specimens were obtained. Even if articular cartilage appeared macroscopically normal, we graded the tissue using CLSM 13 in order to ensure the integrity of the superficial zone microscopically and distinguish ICRS grade 0 (normal cartilage) from ICRS grade 1 articular cartilage which Axial confocal laser scanning microscopy reconstructions, showing articular chondrocytes top down from the articular surface at the scalpel-cut cartilage edge. Note the 'band' of cell death at the injured cartilage edge in both images. Bar chart shows pooled data from four different patients (n = 4) with a significant decrease in percentage cell death for explants exposed to 600 mOsm saline compared with 285 mOsm saline (dead cells stained red with propidium iodide, live cells stained green with 5-chloromethylfluorescein diacetate, *p < 0.05 versus 285 mOsm white bar = 100 µm).
THE JOURNAL OF BONE AND JOINT SURGERY exhibits a loss of integrity at the articular surface with a variable associated loss in superficial zone chondrocytes. This was important for two reasons. First, previous animal models of sharp and blunt mechanical injury [10] [11] [12] indicated that in situ chondrocytes in the superficial zone were most sensitive to the chondroprotective effects of a medium with high osmolarity. The integrity of the entire superficial zone in human cartilage (present only in ICRS grade 0 cartilage) was therefore crucial in evaluating any protection from mechanical injury. Secondly, previous animal models demonstrating the chondroprotective effect of a medium with a high osmolarity following mechanical injury used healthy, non-degenerative articular cartilage, [10] [11] [12] in contrast to the non-degenerative
Coronal confocal laser scanning microscopy reconstructions showing the heterogeneous spatial distribution of chondrocytes -parallel to the articular surface in the superficial zone (SZ), while more vertical in the middle zone (MZ) and deep zone (DZ) (white bar = 100 µm). Bar chart shows pooled data from four different patients (n = 4) with a significant decrease in percentage cell death in the SZ (p = 0.01) but not in the MZ (p = 0.4) and DZ (p = 0.5) for explants exposed to 600 mOsm saline compared with 285 mOsm saline (*p < 0.05 versus 285 mOsm). articular cartilage used for this study that was harvested from an otherwise degenerative joint. This raises the question of whether non-degenerative articular chondrocytes within an otherwise degenerative joint exhibit osmotic, and hence chondroprotective, responses that are similar to those of articular chondrocytes from a healthy joint. We have previously shown that the biophysical parameters, as well as the responses to mechanical injury, of non-degenerative human articular cartilage harvested from an otherwise degenerative joint are similar to those of normal articular cartilage, provided that the tissue is macro-and microscopically ICRS grade 0. We have also shown that in human articular cartilage, the passive osmotic properties of non-degenerative and degenerative articular chondrocytes in response to changes in extracellular osmolarity are in fact similar, although the magnitude of cell volume change is greater in some degenerative articular chondrocytes owing to the reduced interstitial osmolarity that occurs with cartilage degeneration. 23 It would therefore be reasonable to suggest that in this study, where articular cartilage was confirmed to be macro-and microscopically ICRS grade 0, the osmotic sensitivity of in situ articular chondrocytes would be similar to that of normal articular cartilage, and findings from this study may be extrapolated to the clinical setting, where reconstructive surgery is performed mainly on nondegenerative cartilage.
Our study has certain limitations. First, the effects of raised saline osmolarity on soft tissues such as the synovium, menisci and ligaments are not evaluated. However, intra-articular contrast media used in investigative radiology typically have a higher osmolarity than synovial fluid, but have been considered safe, with no long-term deleterious effects on articular cartilage or soft tissues within synovial joints. 24, 25 Further, the reported adverse effects of the composition of intra-articular media on soft tissues are likely to be related to the chemical structure of the injected medium, rather than its osmolarity. 25 Secondly, although experimental mechanical injury with a scalpel is a reasonable model for predicting the responses of sharply injured articular cartilage during articular surgery, 6, 13, 15 the nature of the mechanical injury in vivo during articular reconstruction is more complex, and may involve a combination of blunt and sharp trauma arising from the use of osteotomes, suture needles, pins and intra-articular screws. Third, with the numbers available in this study, exposure to a hyperosmotic saline solution (0.9%, 600 mOsm) did not confer any significant protection in the middle and deep zones of human articular cartilage. However, we argue that the decrease in superficial zone cell death in this study is most relevant, as the cell density is greatest within this region (Table I) . Furthermore, any loss in the integrity of the superficial zone of articular cartilage is thought to be the initiating event in degenerative disorders such as osteoarthritis. 3, 5 Finally, although this model provides a strategy for reducing the extent of superficial zone chondrocyte death associated with mechanical injury, the quality of eventual cartilage repair has not been evaluated. However, in a disc/ ring composite model of cartilage injury and repair, pharmacological inhibition of cell death at the injured cartilage edge increased the number of viable cells at the wound edge, prevented matrix loss, and resulted in enhanced integrative cartilage repair. 7 It would be reasonable to suggest that the significant decrease in percentage cell death at the injured cartilage edge exposed to hyperosmotic saline (0.9%, 600 mOsm) may promote lateral integration and cartilage repair. Nonetheless, we recognise that in order to translate findings from an in vitro human cartilage system into better integrative cartilage repair, future research needs to be directed at developing in vivo animal models. These models may evaluate the effect of high osmolarity on soft tissues within synovial joints, utilise conventional surgical instruments to create a reproducible zone of cartilage injury, and facilitate quantitative assessment of cartilage injury and repair as a function of the osmolarity of joint irrigation solutions.
In conclusion, increasing the osmolarity of 0.9% saline from 285 mOsm to 600 mOsm is chondroprotective in a surgically relevant model of mechanical injury to human cartilage. These data suggest that increasing the osmolarity of joint irrigation solutions used during open and arthroscopic articular surgery may reduce chondrocyte death from surgical injury and hence promote integrative cartilage repair.
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Listen to the abstract of this article at www.jbjs.org.uk/interactive/audio 3 ) within articular cartilage for explants exposed to 0.9% saline at 285 mOsm and 600 mOsm. No significant difference in cell density was found between explants exposed to each solution (p = 0.09 for full thickness, p = 0.7 for superficial zone, unpaired t-tests). Note also that the superficial zone cell density is significantly greater than the mean cell density within the full thickness of articular cartilage (p = 0.01 for 285 mOsm saline, p < 0.001 for 600 mOsm saline, unpaired t-tests) 
